In this paper, we examined the synergetic eect of transition metals or their oxides as decorative agent with carbon nanotubes on the hydrogen storage capacity. The TiO2, Pd, and PdO shell nanoparticles were used as decorative agent on the surface of carbon nanotubes. The samples were investigated by X-ray diraction, Raman spectroscopy and transmission electron microscopy. The thermal stability was investigated by thermogravimetric analysis testing. The hydrogen storage capacity was measured by a custom-made Sieverts apparatus. The Pd and TiO2 doped carbon nanotube shows the most marked hydrogen storage capacity, 7 times higher than pristin carbon nanotubes after 30 min storage. The results show that the hydrogen storage capacity of the PdO shell carbon nanotube composite is very low in comparison with those of two others and does not represent a signicant dierence with that of carbon nanotubes.
Introduction
Hydrogen is considered as future fuel due to its high energy density, ecological compatibility and reducing dependence to fossil fuels. For this reason, the storage of hydrogen safely and eectively is a very important challenge in its applications.
For the rst time, Dillon et al. [1] claims a high hydrogen storage capacities in hollow cylinder of carbon nanotubes (CNTs) and their results show a possible 510 wt% hydrogen storage capacity for single walled carbon nanotubes (SWNTs). Subsequently, CNT was considered as a very promising candidate for hydrogen storage and great eorts were undertaken to investigate the hydrogen storage in CNTs [2] . Ye et al. [3] reported that a ratio of H to C atoms of about 1.0 was obtained for crystalline ropes of SWNTs at 80 K and pressures > 12 MPa. At a pressure of 4 MPa, a sudden increase in the adsorption capacities of the SWNT samples was reported, and they suspect that a structural phase transition is responsible for this eect.
However from the experimental results especially after 2003, serious doubt was arisen in relation to the high hydrogen storage capacities measured for carbon nanotubes and the results was not repeatable in various laboratories. In fact, by better purication of CNTs from the impurities like residual catalysts and other carbonaceous materials, the measured values of hydrogen storage of CNTs was considerably negligible [4] . For the rst time, Hirscher and Becher [5] focused on the contradictory of the hydrogen storage results in CNTs. All of the newer results was in good agreement by the Hirscher claim and * corresponding author; e-mail: mmojtahedfr@yahoo.com reported very negligible values for puried carbon nanotubes and other SP 2 hybrided carbon morphologies [6, 7] which could not satisfy the goal of the USA department of energy (DOE) [8] asking for hydrogen storage capacity of 9.0 wt% by the FY 2015.
It is believed that modication of CNTs by decoration with transition and transition metal oxide nanoparticles provides the most proper method for practical use of CNTs in vehicles. Many studies have revealed that H 2 spill-over on the added particles is a promising approach to enhance the hydrogen storage in CNTs [9, 10] . These nanoparticles on CNTs are well-known for catalytical dissociation of hydrogen molecules on the CNT surface and activation of hydrogen adsorption sites. Active metallic nanoparticles such as Pt and Pd [914] , and metal oxide nanoparticles especially MgO and TiO 2 [1518] could considerably facilitate storage of hydrogen. In the case of transition metal oxides, metallic nanoparticles form active catalyst centers which trap hydrogen molecules in crystalline structure of metal oxides and decompose them into atoms.
In this work, we compare the eects of TiO 2 , Pd and PdO nanoparticles used as decorative agent on the surface of carbon nanotubes in order to increase hydrogen storage capacity. Then the highest value of hydrogen storage will be compared to those reported in the literature at the same conditions.
Experimental methods

Materials and methods
Single walled carbon nanotubes (SWNT) prepared by chemical vapor deposition (CVD) method with specic surface area of 700 m 2 /g and diameter of 2 nm were purchased from Research Institute of Petroleum Industry (RIPI) (www.ripi.com) [19] . In the purpose of removing the amorphous carbonous materials from purchased material, thermal oxidation treatment has been performed (732) in air at 400
• C for 60 min. The as-puried CNTs were used without further acid washing or catalyst extraction in order to prevent their structure modication [20, 21] .
We performed H 2 adsorption experiments by using the as-puried SWNT and also with three treated samples from the same SWCNT batch. Three samples, each of 1000 mg in weight were pretreated in three dierent ways, and then were denoted as sample 1, sample 2 and sample 3.
Sample 1 was prepared by co-ultrasonication of TiO 2 :CNT with weight ratio of 5 wt% in ethanol media at 60
• C until complete distillation of solvent. The anatase TiO 2 powder was purchased from EVONIC company with > 95% purity. Prior to co-ultrasonication of nanocomposite, each of precursors were stirred/sonicated in ethanol for 30 min independently [15] . In order to remove remaining solvent perfectly, nanocomposites were put into conventional oven at 100
• C for 60 min. Two other samples were prepared by dispersion and then reduction of Pd nanoparticles on CNTs surface using the method proposed by Wu et al. [10] . In this way, a mixture of SWNT and Pd acetylacetonate (Pd(C 5 H 7 O 2 ) 2 ) with 2 wt% Pd:SWNT ratio, was stirred at ambient temperature for 12 h. Solution was put into a vacuum oven at 60
• C for 12 h to remove solvent completely. In order to reduce Pd nanoparticles on the surface of CNTs, nanocomposites were placed under 100 sccm H 2 ow at 400
• C for 3 h. Sample 2 was prepared by a quick exiting of the sample from oven. The powder color was intensively turned dark red immediately after leaving out the oven. Sample 3 was prepared by cooling the same nanocomposite at ambient temperature under H 2 ow before leaving the oven.
Physical characterization
Thermogravimetric analysis (TGA) with a Rheometric Scientic SDA 1500 apparatus and the Raman spectroscopy analysis with the Jobin LabRam HR-800 Stokes mode with 532 nm frequency-doubled Nd:YAG laser excitation were used to evaluate thermal stability and quality of the CNTs, respectively. Transmission electron microscopy (TEM) images were obtained by using Philips EM208S TEM, 100 kV. The sample structure was determined by X-ray diraction (XRD) analysis. XRD spectra were recorded in the range of 2θ = 10
• and 90
• with a step size of 0.05
• using monochromatic Cu K α1 radiation (XRD, PW1800, Philips). The elemental composition of the samples was characterized using a scanning electron microscope (Philips XL 30) equipped with a electron dispersive energy X-ray analysis system (EDX) which is unable to detect the elements lighter than Na.
Measurement of hydrogen adsorption
In this paper, we investigated hydrogen storage capacity of dierent samples by using custom-made Sieverts apparatus [4] . In this method, 0.8 g of each sample was placed in the reactor and then the measurements were carried out by rst desorbing the hydrogen in the prepared samples at 200
• C for 1 h under vacuum (10 −2 Pa). When the reactor (sample cell) was cooled down to room temperature, H 2 was introduced into the reactor to a certain pressure (about 30 atm), then the changes in pressure were monitored versus time. The accuracy of the the Sievert apparatus was measured by using a standard MgH 2 sample and was ±10%. Figure 1 shows the TGA and Raman spectroscopy of as-puried SWNT. The thermogravimetric measurements show that the content of the catalyst residue in the SWNT is about 5 wt% and the amount of amorphous carbon at 550
Results and discussion
• C is about 15 wt%, so the purity of our SWNT may be in the range of 70 to 80 wt%. The existence of SWNT can be proved by a peak in the radial breathing modes (RBM) region (between 200 and 300 cm −1 , which is representative of the isotropic radial expansion of the tube) of the Raman spectrum (inner plot of Fig. 1b) . The diameter of the SWNT is given by f = 234/D, where f is the RBM frequency in cm −1 and D is the nanotube diameter in nm. Thus, we obtain an average diameter of 2 nm for the nanotubes which is consistent with the seller claim. X-ray diraction patterns of all nanocomposites (samples 1, 2, and 3) exhibit the peaks of carbon corresponding to the SWCNT (Fig. 2) . The presence of anatase TiO 2 nanoparticles in sample 1 is conrmed by X-ray diraction (XRD) pattern (JCPDS PD le No. 34-0180, 21-1276, and 21-1272 standard card). From the lower intensity of Pd in sample 2 at 40.3 degree in compare to sample 3 and also the greater intensity of PdO in sample 2 in comparison to sample 3 at 34 and 36 degrees, we can conclude that a great portion of sample 2 is oxidized. High percentage of Pd-SWNT nanocomposite is oxidized by a quick exit of the sample from oven because of high activity of Pd nanoparticles at 400
• C. This could be conrmed by the fact that the powder color were intensively turned dark red. This result shows the importance of cooling down stage of Pd-SWNT nanocomposite preparation and also the considerable oxidation tendency for doped Pd nanoparticles on the surface of CNTs at high temperatures. Moreover, Pd signals in sample 2 due to uncompleted oxidation of some Pd nanoparticles can probably be related to the formation of the shell/core structure of PdO/Pd nanoparticles. In the following we denote sample 2 and 3 by enriched PdO and enriched Pd, respectively. From the data, it can be inferred that the process used for TiO 2 nanoparticle dispersion is more eective than that of two others due to its higher atomic concentration. Figure 4 shows the results for the H 2 adsorption in wt% for the four samples that are measured under an initial pressure about 30 atm at room temperature. The H 2 storage capacities for the four samples, from the lowest capacity to highest, are as-puried CNTs < sample 2 < sample 3 < sample 1. Sample 2 is highly oxidized in comparison to sample 3. The reduction of H 2 storage capacity in sample 2 in comparison to sample 3 is probably due to formation of a thick PdO layer which suppresses the activity of Pd catalysis for hydrogen molecule dissociation.
Hydrogen storage capacity of dierent samples at stable state are summarized in Table. Results show that hydrogen adsorption of the titania and Pd impregnated nanocomposites enhances the hydrogen uptake of SWNT up to 7 times, indicating the eectiveness of these nanoparticles in improving the hydrogen storage capacity, even if the amount of hydrogen storage in our case is not signicant for practical applications.
Wu et al. [10] have reported that hydrogen adsorption capacity of Pd doped double-walled carbon nanotubes (2 wt%) could repeatably achieve 3.5 wt%. Unfortunately, this result was not conrmed by others. For example in Ref. [14] , hydrogen adsorption capacity of Pd doped multiwalled carbon nanotubes (MWCNTs) is reported to be 0.40 wt% which is in good agreement with our value. Rather et al. [16] have also reported a hydrogen storage of 0.40 wt% in nanostructured TiO 2 --impregnated carbon nanotubes. Bavykin et al. [19] have shown that anatase TiO 2 structure has a very convenient cavity for electrical adsorption of hydrogen atoms. The strong interactions between asymetrically positioned Ti atoms in anatase (101) surface with hydrogen molecules can lead to hydrogen uptake.
Slight increase in hydrogen uptake by TiO 2 in comparison with Pd is due to the higher concentration of this one in the composite as revealed by EDX analysis (Table) . Further study is ongoing to improve the dispersion process for Pd in order to obtain higher Pd concentration in the nanocomposite. We believe that higher Pd particle concentration can induce greater hydrogen storage capacity. 4. Conclusion In this work, the hydrogen storage capacity of nanostructured anatase TiO 2 , enriched Pd and PdO-carbon nanotube composite materials, performed at room temperature and moderate hydrogen pressure of 30 atm is presented. The hydrogen storage capacity of SWNT TiO 2 and SWCNT-enriched Pd nanoparticles is 0.45 and 0.40 wt% respectively, which exibit 7 times the storage capacity of pristine CNTs. Even if the measured values are far from practical hydrogen storage, it is noteworthy to consider their eectiveness in improving the hydrogen uptake. The SWCNT-enriched PdO nanocomposites present a low capacity of hydrogen storage due to oxide layer which prohibits the activities of Pd nanoparticles for dissociation of hydrogen molecule.
